Abstract. The situation studied in this paper relates to air flow from a heated land surface out over a water surface with much lower temperature. Observations from the Baltic Sea, where this kind of situation prevails for two thirds of the time, indicate that several distinct flow regimes occur. Simulations with a numerical boundary layer model for various combinations of geostrophic wind speed, Vg, and bulk temperature difference between land and sea, AO, have been performed. They show that, initially, stratification is always stable in the air layers near the sea surface but after some time transition to a near-neutral layer capped by an inversion takes place. The simulations, as well as the results of a simple analytical study, indicate that the transition takes place at a certain time of over water transport, t e, which can be calculated when the bulk parameter AO is known.
Introduction
In high latitudes, big water bodies surrounded by land masses are likely to develop a particular meteorological regime during a large part of the year, when warm air is advected out over the relatively much cooler surface of the water. Thus stable stratification, with correspondingly low turbulent exchange rates at the surface, is bound to occur. Earlier studies, referenced in section 2, have identified that the situation is likely to be still more complicated. During certain conditions the turbulent exchange is found to be almost nonexistent in spite of nonnegligible wind; during other conditions, no surface inversion exists and the exchange at the surface is quite large despite strong temperature contrast between elevated layers and the sea surface. This complex situation presents a serious problem for parameterization in numerical models, which may have great implication for, e.g., the water balance of a big lake or a semienclosed sea and the local climate of surrounding land areas.
The above situation has been found to apply to the Baltic Sea, which is now the focus of internationally coordinated research within the Baltic Sea Experiment (BALTEX), which is one out of five Global Energy and Water Experiments (GEWEX) regional experiments. The present study is based on measurements from several field stations in the Baltic Sea area and on simulations with a numerical meso-¾-scale atmospheric model. The purpose of the analysis is to develop a simple but effective scheme for identification of the different characteristic surface exchange situations that develop during the transport of warm air over a much colder water surface.
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In section 2 the overall structure of the boundary layer over the Baltic Sea area is discussed. In section 3 the mesoscale model and the numerical simulations are described, and in section 4 a bulk stability parameter is introduced. Measurements from three sites, used to verify the simulations, are presented in sections 5 and 6.
Boundary Layer Over The Baltic Sea Area
The Baltic Sea is a semienclosed sea, which means that it is surrounded by land surfaces. The only outlet of water is through the Danish Straits and Oresund, the strait between Sweden and Denmark. As shown in Figure 1 , the Baltic Sea is situated roughly between 55øN and 65øN. Here we will only treat the conditions within the Baltic proper, i.e., the part of the Baltic south of the/!rand Islands (-60øN).
The boundary layer above a semienclosed sea like the Baltic Sea will almost always feel the presence of the surrounding land, that is to say advective effects will always influence the turbulence structure regardless of wind direction. The location of the Baltic Sea at fairly high latitudes means that the land surfaces will be warmer than the sea surface during a large part of the year, and thus stable internal boundary layers will build up over the sea. The difference in temperature between land and sea is largest during spring and early summer and can easily reach 15 ø-20øC. During early winter the sea surface is usually warmer than the surrounding land.
There has been extensive research on internal boundary layers and the effects of abrupt changes in surface temperature from cold to warm but far less work on the offshore problem in terms of warm air flowing out over a colder sea. Stable internal boundary layers over a cold sea were first studied by Csanady [1974] , who tried to estimate the shear stress exerted on the relatively cold surface of Lake Ontario. Mulhearn sional arguments, and the same approach was used by Gryning What can be said is that the lowest 100 m or so of the marine atmosphere is probably stably stratified during as much as about two thirds of the year in this area (which is likely to be representative of the Baltic proper, i.e., the region south of the .3dand Islands). This statement is valid at least in a bulk sense, allowing for possible existence of a shallow mixed layer immediately above the water surface during certain conditions.
Advective effects over the Baltic Sea
As stated above, advection of warmer air from the land surfaces surrounding the Baltic Sea will always affect the marine boundary layer. The turbulence structure of the boundary layer may change as the stable internal boundary layer slowly increases in height when warm air is advected out over cool water. However, TjernstrOm and $medman [1993] observed that in spite of a large temperature difference between land and sea, the marine boundary layer sometimes is close to neutral. Garrett and Ryan [1989] also found stable internal boundary layers in offshore flows. The initial internal boundary layer is stably stratified, but as advection distance increases, stability decreases and a well-mixed slightly stable layer capped by an inversion develops. However, they did not comment on this particular feature. Csanady [1974] also observed these conditions quite frequently over Lake Ontario. He showed that maintenance of a neutrally stratified mixed layer with an inversion at the top is possible for a certain type of flow. When warm air is advected out over the cool water, a stable internal boundary layer begins to form. At greater distances from the shore the inversion height converges to a constant height and the structure gradually becomes more and more independent of fetch. In this asymptotic equilibrium condition, heat flux from the air to the water must cease and the air close to the surface below the inversion therefore assumes the temperature of the water surface: neutral stratification. Brost and Wyngaard [ 1978] also find in their simulations the same evolution in time of the nocturnal stable boundary layer during the night. The aim of this paper is to derive a stability expression, as a function of external parameters only, which can be used to describe the evolution of the stable internal boundary layer over the sea. Close to the shoreline the internal boundary layer is shallow and the temperature profile has a concave shape (negative curvature), which indicates a low degree of turbulence. But as the advection distance increases, the boundary layer height and the degree of turbulence also increase and the shape of the temperature profile is changing from concave over a more or less linear shape to a neutral profile. The change in shape of the temperature profile indicates a gradual increase in turbulence which eventually will lead to a well-mixed boundary layer. The connection between the shape of the temperature profile and the relative importance of turbulent transport was first discussed by Andrd et al. flowing out over cold sea, the temperature of the air close to the sea surface will be cooled due to turbulent heat transport, as discussed above. But the sea surface temperature itself will be almost unaffected because of the large heat capacity of the sea. After some distance from the shoreline an equilibrium state is gradually reached with a well-mixed boundary layer having an inversion lid at the top, and the temperature profile will become independent of distance. If we assume an analogy to the development in time instead of distance, the change of temperature in the boundary layer away from the shoreline can thus be approximated with the simplified diffusion equation
where K is the turbulent exchange coefficient for heat. Assuming constant K the simplified solution of (2) can be written )__2,57
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where O• is the potential temperature above the internal boundary layer and t will correspond to the transport time. Transport time and not distance being found to be the key parameter for the evolution of the stable boundary layer over the sea leads to the consequence that the time required to reach the thermal equilibrium is the same for all geostrophic wind speeds but will of course vary with temperature difference. However, the height of the equilibrium layer is a function of wind speed. A high wind speed generates large friction velocity and a more rapidly growing internal boundary layer, and thus the equilibrium height will be larger for higher wind speeds than for lower. The difference between equilibrium heights for geostrophic winds of 5 m s '• and 10 m s '• is clearly seen in Figures 4a and 4b . A low geostrophic wind speed generates a low degree of turbulence, but the equilibrium height is also low so the time to reach the equilibrium will be the same as for a high geostrophic wind speed, high degree of turbulence, and a much larger layer to mix to equilibrium. However, the stability parameter S can only be used to separate between a stable boundary layer and a well-mixed layer in a rather rough way, and it is not the intention here to get detailed information of the variation with time of either stability, friction velocity, or the internal boundary layer height. Measurements from the first experiment performed at the site C (Ostergamsholm) are analyzed in two forthcoming papers. Additional measurements a, r, b, k a, r, p ,w r, p, w Legend for additional measurements: a, airborne turbulence measurements; r, radio soundings; b, tethered balloon soundings; k, kite soundings; p, pibal trackings; w, wave characteristics. gime may gradually develop into "an ordinary stable boundary layer" and a mixed layer or if the degree of turbulence remains so low that this will never happen irrespective of travel distance. We, however, coin the term "quasi-frictional decoupling" for this kind of flow regime, in order to distinguish it from both ordinary stable boundary layer flow and from cases with true frictional decoupling, which sometimes occur in situations with decaying surface waves [ Volkov, 1970; Makova, 1975 
Sites and Measurements

Comparisons Between Measurements and Simulations
Tower data together with aircraft measurements around site A and radio soundings at site D are used to verify the numerical simulations. From the measurements the potential temperature profile and the geostrophic wind speeds are obtained. The geostrophic wind speeds are taken from the wind measurements at a height of about 2000 m. The temperature differences between land and sea are evaluated from weather maps, and the traveling distance over the sea is simply taken as the length of the straight trajectory, in the geostrophic wind direction, to the upwind coast. This is a rough way to estimate the transport time over the sea, but the aim of this investigation is to find some external parameters that can be used to characterize the turbulence flow structure over the Baltic Sea in a more general way. When warm air is flowing out over the cold sea, a stable internal boundary layer is building up. Close to the shoreline the stratification is very stable and the turbulent exchange is weak. At larger traveling distances the inversion height converges to a constant height, and the structure gradually becomes more and more independent of fetch. In this asymptotic equilibrium condition the heat flux must gradually cease and a mixed layer will form and at the same time the momentum flux increases dramatically.
Both model simulations and some theoretical arguments indicate that the square root of the transport time up to equilibrium condition is proportional to the temperature difference between land and water. A stability parameter, S, defined only from external variables, can be used to distinguish between an ordinary stable internal layer and a near-neutral mixed layer. Measure- 
